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Abstract

Understanding seasonal variation in photosynthesis is important for understanding and modelling
plant productivity. Here we used shotgun sampling to examine physiological, structural and spectral
leaf traits of upper canopy, sun-exposed leaves in Quercus coccinea Minchh (scarlet oak) across the
growing season in order to understand seasonal trends, explore the mechanisms underpinning
physiological change, and investigate the impact of extrapolating measurements from a single date
to the whole season. We tested the hypothesis that photosynthetic rates and capacities would peak
at the summer solstice i.e. at the time of peak photoperiod. Contrary to expectations, our results
reveal a late-season peak in both photosynthetic capacity and rate before the expected sharp
decrease at the start of senescence. This late-season maximum occurred after the higher summer
temperatures and VPD, and was correlated with the recovery of leaf water content and increased
stomatal conductance. We modelled photosynthesis at the top of the canopy and found that the
simulated results closely tracked the maximum carboxylation capacity of Rubisco. For both
photosynthetic capacity and modelled top-of-canopy photosynthesis, the maximum value was
therefore not observed at the summer solstice. Rather, in each case the measurements at and
around the solstice were close to the overall seasonal mean, with values later in the season leading
to deviations from the mean by up to 41% and 52% respectively. Overall we found that the
expected Gaussian pattern of photosynthesis was not observed. We conclude that an
understanding of species- and environment-specific changes in photosynthesis across the season is

essential for correct estimation of seasonal photosynthetic capacity.
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Introduction

Photosynthesis underpins primary productivity on Earth. Understanding photosynthesis is essential
for developing accurate Terrestrial Biosphere Models (TBMs), which aim to represent the responses
of plants to future climate and the role plants play in determining the rate of global change.
Accounting for temporal and spatial variation in photosynthesis is critical if TBMs are to accurately
predict carbon fluxes across space and through time. For example, under-representation of
photosynthetic understanding due to an absence of relevant data in certain geographical areas,
such as Arctic ecosystems, can lead to significant biases in model predictions (e.g. Rogers et al.
2017). To address the constraint of limited data availability for parameterisation, some TBMs use
nitrogen as a proxy for photosynthesis, yet the relationship between nitrogen and photosynthesis
has been shown to vary by plant functional type (Kattge et al. 2009) making this challenging. In
addition, consideration of seasonal changes is important given that photosynthetic capacity has
been shown to display significant variation during the growing season (Wilson et al. 2001, Wang et
al. 2008, Bauerle et al. 2012, Ali et al. 2015). Environmental parameters such as photoperiod and
growth temperature may explain this seasonal variation in photosynthetic capacity, since climatic
conditions have been demonstrated to be a better proxy for photosynthesis than leaf nitrogen (Ali
et al. 2015, Smith et al. 2019). For example, a recent study of 23 tree species found that
photoperiod was the primary environmental driver for seasonal changes in photosynthetic capacity
— both the maximum carboxylation capacity of Rubisco (V. ma) and the maximum electron transport
rate (/max) (Bauerle et al. 2012). However, the extent to which different environmental conditions

underpin photosynthetic rate can vary between species and ecosystems studied, with temperature,
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moisture availability and atmospheric humidity being other important environmental factors to

consider (Ali et al. 2015).

A-C;response curves measure the response of photosynthesis (A) to the internal CO, concentration
inside the leaf (C;). With these curves it is possible to derive estimates of the apparent maximum
carboxylation capacity of Rubisco (V,me) and apparent maximum electron transport rate (Jmay), two
key parameters related to photosynthetic capacity (Long and Bernacchi 2003). However, obtaining
accurate measurements of photosynthetic capacity in tree species is not without its challenges. The
ideal scenario, performing measurements in situ whilst preserving the water column to the leaf and
maintaining ambient environmental conditions, requires expensive aerial work platforms such as
“cherry-pickers” or canopy cranes (Wu et al. 2019). Lower-cost and more logistically feasible
solutions involve retrieving samples from the canopy for subsequent measurement. There exists a
range of approaches for retrieving canopy samples, including line launchers, sling shots or air
cannons (Serbin et al. 2014); for samples lower in the canopy pruning poles are often sufficient
(Kamoske et al. 2020). If retrieval times are lengthy, leading to a long sample collection period, this
can result in sample deterioration. The shotgun sampling approach, using a shotgun to retrieve leaf
samples (Serbin et al. 2014, Burnett et al. 2019), enables rapid acquisition of plant material from
the top of the canopy. Collecting and stabilising each sample takes a matter of minutes, enabling
the rapid acquisition of a set of samples within a short time period. This means that all samples may
be collected at dawn, before photosynthetic activity begins to acclimate to the day’s conditions,
and ensures that leaf quality is maintained throughout the measurement period due to the speed of

sample collection.
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We sought to understand the seasonal variation in physiological and structural leaf traits in Quercus
coccinea (scarlet oak) in the mid-Atlantic region using the shotgun sampling approach. We
performed regular measurements throughout the entire growing season and examined the
relationships between physiological traits, structural traits, leaf nitrogen and leaf chlorophyll to (1)
understand seasonal trends, (2) explore the mechanisms underpinning physiological change, and (3)
investigate the impact of extrapolating measurements made at a single time point when deriving
parameters for use in TBMs. In accordance with previous studies (Wilson et al. 2001, Bauerle et al.
2012), we hypothesised that photosynthetic rates and capacities would be greatest at the
midsummer solstice (day of year 172) when photoperiod is at its peak, meaning that a midsummer
measurement would provide a significant overestimation of mean photosynthesis if used as a

model parameter.

Materials and methods

Tree material

Quercus coccinea Muench (scarlet oak) samples were obtained from a mixed pine-oak forest at
Brookhaven National Laboratory, Upton, New York, USA (latitude 40.864466, longitude 72.875158,
18 meter elevation). Scarlet oak is a native, deciduous, xerophytic tree with an open, rounded
crown (USDA 2019). The study site is part of the Long Island Pine Barrens, characterised by dry
sandy soils (Meng et al. 2017). Six trees were selected at the start of the measurement season and
labelled with flagging tape to enable repeated measurements. The trees were located in a small
geographic area (<30m radius). Each tree selected displayed a mature canopy structure, so that

sampling could be repeated for the duration of the experiment with minimal adverse effects.
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Meteorological data

Meteorological data were obtained from the Brookhaven National Laboratory meteorological data
service (www.bnl.gov/weather/). Solar data were converted to photosynthetically active radiation
by multiplying W m> by 2.1. VPD was obtained from temperature and relative humidity data using

the ‘Bigleaf’ package in R (Knauer et al. 2018).

Shotgun sampling technique

Leaf samples were collected at dawn. Samples from the top of the canopy were retrieved using
shotgun sampling (Serbin et al. 2014, Burnett et al. 2019). A 12-gauge Remington 870 Express
Pump-Action Shotgun with a modified choke and stainless-steel bird shot was used to retrieve
canopy samples (Fig. 1a). Each sample comprised several leaves, and a small amount of connecting
woody material (Fig. 1b). The woody stem of each sample was immediately recut under water
(within 2min) and was kept in water until the completion of physiological data collection. Samples
were kept in individual bottles of water. Once all samples had been collected (typically <1 hour),

samples were transferred from the forest to the laboratory for data collection.

Measurement schedule

Data were collected in 2019 throughout the entire growing season of Q. coccinea. The first sampling
date occurred when leaves were sufficiently expanded for measurement, i.e. within a couple of
weeks of leaf flushing, and the last sampling date occurred at the onset of senescence, with leaves
turning scarlet on the trees. There were eight sampling dates (Fig. 2), beginning on DOY 149 (late

May) and ending on DOY 303 (late October). Gas exchange measurements were collected on seven
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of the eight sampling dates; all leaf trait data were collected on each sampling date with the

exception of one date for which no relative water content values could be calculated.

Chlorophyll and PRI

For each sample, spectral data were collected using a PSR+ full-range spectroradiometer (Spectral
Evolution, Lawrence, Massachusetts, USA) connected to a leaf clip with an internal light source
(SVC, Poughkeepsie, New York, USA). Immediately prior to each set of measurements, the
spectroradiometer was calibrated using a LabSphere Spectralon® reflectance standard disc
(LabSphere, Inc., North Sutton, New Hampshire, USA). Two to three spectral measurements were
taken across the adaxial surface of each leaf depending on leaf size, then averaged to give a single
spectrum per sample. Chlorophyll was estimated from each spectrum using the Chlorophyll NDI
index. The index was derived from using the formula (R750 - R705)/(R750 + R705) where R is optical
reflectance at the waveband indicated and chlorophyll content was estimated using the conversion
equation provided by Richardson et al. (2002). The photochemical reflectance index (PRI) was

estimated from each spectrum using the formula (R531 - R570)/(R531 + R570) (Gamon et al. 1997).

Gas exchange measurements

Gas exchange measurements were performed using four LI-6400XT Portable Photosynthesis
Systems and one LI-6800 Portable Photosynthesis System (LI-COR, Lincoln, Nebraska, USA).
Instruments were zeroed using a common nitrogen standard. In the preceding season, light
response curves had been performed to determine the saturating irradiance level of 1500 pumol
photons m2s™! for Q. coccinea (Burnett et al. 2019). The leaf temperature was controlled during

measurement and the set point was determined by the ambient temperature and humidity inside
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the laboratory at the time of measurement (the temperature ranged from 22-28 °C). Leaves were
inserted into the instrument leaf chamber and underwent full acclimation to saturating light (up to
90min) until both A and g, had reached steady-state. A—C;curves were performed as described
previously, using 14 values of C; (Rogers et al. 2017, Burnett et al. 2019). Values of V, max and Jpmax
were first obtained by fitting the A—C;curves using the parameters defined by Bernacchi et al.
(Bernacchi et al. 2001, Bernacchi et al. 2013, Rogers et al. 2017). Values of V, nax and Jyax were then
normalised to 25 °C with an Arrhenius temperature scaling function using activation energies
provided by Bernacchi et al. (2001, 2003), to give Vi max.25 and Jyax.25. Efforts to increase
representation of V, mq. Using survey-style measurements of photosynthesis to increase the
availability of data from existing databases or to increase the throughput of data collection are not
always reliable if leaves were not light-acclimated prior to measurement (De Kauwe et al. 2016,
Burnett et al. 2019). Therefore, whilst being more time consuming to perform than a survey-style
measurement, A—C;curves remain the gold-standard approach for measuring photosynthetic
capacity. Our analysis is based on C; rather than C. and therefore does not account for mesophyll

conductance. Thus reported photosynthetic parameters should be considered as apparent.

Gas exchange measurements were used to derive photosynthetic water use efficiency (WUEi) and
photosynthetic nitrogen use efficiency (NUE). WUEi is light-acclimated steady-state As.:/gs obtained
from the first point of each A—C;curve. NUE is V. max.25/N, both expressed on a mass basis; mass-

based V, msx was first obtained from area-based V max.25 and LMA.

Gas exchange measurements were also used to calibrate the conductance model needed for

modelling photosynthesis. To obtain the stomatal slope parameter g;, which is the slope of the
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relationship between A and gsand is required for modelling photosynthesis as outlined below, the
first point of each A—C; curve was recorded after initial stabilisation of A and g, and acclimation to
ambient conditions inside the leaf cuvette. For each measurement date, the first points from all A—
C; curves were pooled and the g; parameter from the simplified linear USO model (Eq. 1) was
obtained using a linear regression as shown previously (Medlyn et al. 2011, Lin et al. 2015, Wu et al.

2020), using a default go of 0:

1.6 Ay,

gsw:g0+gl CS\/D_S EQ-l

where g, is the stomatal conductance to water vapor, g, and g; the intercept and the slope of the
linear regression, A,, is net CO, assimilation, C; is CO, at the surface of the leaf (C,) and D; is leaf to
air VPD. For the first measurement date, a good estimate of g; could not be obtained so the mean
g: from all other dates (except the final date for which g, was much higher than on all preceding

dates) was used instead.

Leaf structural and nitrogen trait measurements

Following the completion of each A-C; curve, discs of known area were punched from across the
leaf surface, including the area used for gas exchange and excluding the prominent lower midrib
(Fig. 1c). Leaf discs were weighed, then dried at 70 °C for several days to achieve constant mass.
Dried leaves were re-weighed, and relative water content (RWC) and leaf mass per unit area (LMA)
were calculated. Dried leaves were subsequently ground, and elemental nitrogen was quantified
using a 2400 Series Il CHN analyser following the manufacturer’s instructions (PerkinElmer,

Waltham, MA, USA).
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Data analysis

All data analysis was performed within the R open-source software environment (R Core Team
2019). For analysis of each leaf trait (Figs. 3, 4), a one-way repeated measures ANOVA was
performed to examine effects over time, with the individual tree as the Error term. A post-hoc
Tukey test was then performed to examine pairwise comparisons between each possible pair of
measurement dates. When required, data were log- or square-root-transformed prior to analysis as

appropriate.

Modelling photosynthesis

Photosynthesis at the top of the canopy was modelled for each measurement date using the f.AT
function within the ‘Leaf Gas Exchange’ package in R (https://github.com/TESTgroup-
BNL/LeafGasExchange/releases/tag/v1.0). This function simulates photosynthesis using the
simplified USO model coupled with the FVvCB assimilation model and a leaf energy budget (Muir
2019). The inputs to the model are the ambient atmospheric weather conditions surrounding the
leaves (photosynthetically active radiation, air temperature, CO, concentration at the leaf surface,
wind speed, and relative humidity), the photosynthetic parameters Ry, V¢ max.25, Jmax.25, and the
conductance parameters g, and g;. The outputs are A, g.w, G and Tiess. The function f.AT was
parameterised using V¢ max.25, Jmax.25, go and g calibrated using the data from this study. For the
other parameters necessary to calculate photosynthesis, including Ry, the default parameters used
in the Functionally Assembled Terrestrial Ecosystem Simulator (FATES) (Koven et al. 2020) for C3
plant species were chosen. The weather input variables were set to the mean weather data
measured during the week of each sampling date (measurement date + 3 days) during the 6 hour

period around solar noon (10:00-16:00 BST), and CO, at the leaf surface was set to 400 umol mol™.

10



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

Results

Leaf structural traits

Relative water content (RWC) and leaf mass per unit area (LMA) showed inverse relationships to
each other (Fig. 3). RWC was initially very high, declined in the middle of the season, and then
increased towards the end of the season; LMA was initially very low, increased towards the middle
of the season, and declined again at the end of the season. In each case, trait values differed
significantly over time (RWC Fg30) = 185.8, P < 0.001; LMA F(735 = 11.1, P < 0.001). Pairwise
comparisons revealed a significant difference in RWC between all possible measurement date pairs
with the exception of the pairs DOY 165-177 (stabilisation of RWC around the solstice), 254-303 and
268-303 (stabilisation at the end of the season). For LMA, there was a significant difference for the
following pairs of measurement dates: DOY 149-165, 149-177, 149-206, 149-233, 149-254, 149-268,
165-206, 206-233, 206-303, and 254-303, in line with the strong and significant increase at the
beginning of the season, a dip between DOY 206-233, and the decline towards the end of the
season. The reporting format ‘DOY1’-‘DOY2’ used here indicates a significant difference between

the two named DOYs and does not refer to a date range.

Leaf nitrogen and chlorophyll

When expressed on a leaf mass basis, nitrogen concentration was initially high, was stable
throughout much of the season and then gradually declined over the last three measurement dates
(Fig. 3). When expressed on a leaf area basis, nitrogen showed a steady increase followed by a
steady decrease, with a sharp decline to the final time point, closely following the trend in LMA (Fig.

3). Leaf chlorophyll and photochemical reflectance index (PRI) showed similar trends to nitrogen

11
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per unit area (Fig. 3). Trends in each trait showed significant effects of time (mass-based nitrogen
F735 =20.1, P <0.001; area-based nitrogen F(7 35 = 10.2, P < 0.001; chlorophyll F7 35 = 15.3, P <
0.001; PRI F(7,35) = 14.0, P < 0.001). For mass-based nitrogen, significant differences were observed
for the date pairs 149-254, 149-268, and between the final measurement date (DOY 303) and each
preceding date. For area-based nitrogen, significant differences were observed between DOY 149-
206 and between the final measurement date (DOY 303) and each preceding date, with the
exception of DOY 149-303 which did not differ significantly. For chlorophyll, there was a significant
difference between the first measurement date (DOY 149) and all subsequent dates with the
exception of DOY 303, and there was a significant difference between the final measurement date
(DOY 303) and each of the preceding dates with the exception of DOY 149. For PRI there were

significant differences between DOY 303 and each of the preceding dates.

Photosynthetic traits

The derived photosynthetic parameters V. max.25, Jmax 25 and light-acclimated net photosynthetic rate
Asqt showed similar trends (Fig. 4) with a significant effect of time in each case (V¢ max.25 F(s,209) = 5.2; P
< 0.001, Jmax.25 F6,26) = 4.2, P < 0.01; Agqt F6,20) = 3.7, P < 0.01). These parameters all showed a late
season peak (at the penultimate measurement date), followed by a sharp decline. The decline in
Jmax.25 between the penultimate and final time points was less marked (41%) than the equivalent
decline in V, max.25 (55%). Stomatal conductance (gs) measured following full acclimation to
saturating irradiance, i.e. immediately prior to measuring the A—C; response followed the same
pattern as Ve max.25, Jmax.25, and Asqr for most of the season (gs Fis29) = 4.7, P < 0.01), but was
decoupled at the final time point which showed a very low value of As,; compared to gs (Fig. 4). This

trend is reflected in instantaneous water use efficiency (WUEi) which was at the minimum at the
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final time point due to a low rate of A,,; compared to g, (Fig. 4). In contrast, photosynthetic nitrogen
use efficiency (NUE) remained relatively constant throughout the measurement period, with the
greatest value at the penultimate measurement date coinciding with the late-season peak in
photosynthesis (Fig. 4). Both WUEi and NUE displayed significant time effects (WUEi Fg 29 = 16.0, P

< 0.001; NUE Fg29) = 4.5, P <0.01).

Pairwise comparisons made between all pairs of measurement dates revealed significant
differences in V¢ max.25 between DOY 165-254, 254-268, 254-303 and 268-303 highlighting the late-
season peak on DOY 268 and dramatic decline at the end of the season. Differences in Jyqx.25 Were
significant between DOY 254-268 and 254-303; differences in Ay, were significant between DOY
165-254, 254-268 and 254-303; differences in gs;were significant between DOY 165-254, 165-268,
165-303; in each case these significant differences relate to the late-season peak and subsequent
decline described above. Differences in WUEi were significant between DOY 165-233, 165-254 and
165-268 showing the decline from the maximum just before the summer solstice, and between the
final measurement date (DOY 303) and each preceding date indicating the sharp decrease in WUE
at the end of the season compared to all other dates. Differences in NUE were significant between

DOY 165-254 and 254-303.

Modelling photosynthesis
Using ambient environmental conditions from the week of measurement (measurement date + 3
days) during the 6 hour period around solar noon (10:00-16:00 BST), and modelled values of g, and

g1, modelled values of V, max.25 and Jmax 25 Were used to predict the rate of net photosynthesis at the
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top of the canopy (Fig. 5). Modelled photosynthesis closely matched the trend in V max.25 — including

the steeper decline at the final time point seen for V, max.25 than for Jyax.25 (Fig. 4).

Using the model framework, we further explored how seasonality in parameters could impact the
modelling of growing season photosynthesis. We did this by examining the deviation from the mean
in both V. max.25 and modelled A to explore how seasonal conditions can change the overall canopy-
scale photosynthetic carbon update. We found that there was substantial seasonality, and
variation increased throughout the season with values both greater and lower than the mean (Fig.
6). In each case the deviation was lowest at and around the midsummer solstice, and greatly
increased in magnitude with the late-season peak and end-season decline in photosynthesis (Fig. 6).

The maximum deviation from the mean was 41% for V, max.25s and 52% for modelled A.

Discussion

We sought to understand seasonal trends in physiological traits of Q. coccinea, explore the
mechanisms underpinning these trends, and consider the modelling implications of using single
time point measurements of photosynthesis to parameterise carbon models. Our results indicate a
surprising late-season maximum in photosynthesis coincident with a rise in leaf water content and
stomatal conductance, lower air temperatures, and an overall reduction in atmospheric VPD. In
contrast to our hypothesis, photosynthetic capacity did not peak at the solstice and displayed

significant deviation from the mean value later in the season.
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Variability in photosynthetic capacity and rate is related to climate

Photosynthetic traits displayed great variability across the season. Similar to previous studies (e.g.
Yang et al. 2016), we observed a typical Gaussian seasonal curve for traits such as pigment content,
LMA, and area-based nitrogen, while mass-based nitrogen and RWC generally showed a steady
decline from leaf flush to senescence. Contrary to our expectations, and in contrast to the findings
of several previous studies demonstrating the seasonal Gaussian trend in photosynthesis that we
had expected, with the peak at the summer solstice (Wilson et al. 2000, 2001, Grassi et al 2005,
Kosugi and Matsuo 2006, Bauerle et al. 2012), the peak in photosynthetic rate and capacity
occurred late in the season, at the penultimate measurement point (Fig. 4). Whilst the amount of
daylight was greatest at the midsummer solstice (Fig. 2), with both the highest PAR and the longest
daylength combining to give the greatest integrated daily light levels, this did not coincide with
maximal photosynthetic rate. Rather, the peak in V, max.25, Jmax.25 and Ag,: occurred once the high
summer temperatures and VPD began to decline yet before daily PAR decreased (Figs. 2, 4). This
coincided with an increase in RWC (Fig. 3) which followed the peak summer heat (Fig. 2). Whilst the
year of measurement was slightly warmer and drier than some previous years, it was not
exceptional in terms of meteorological factors (see Figure S1 available as Supplementary Data at
Tree Physiology Online). A previous study in which Q. douglasii (blue oak) was exposed to heat
stress revealed a strong effect of heat on V, ax.25; this study also showed a slight end of season peak
in Ve max.25 prior to senescence although this was not the seasonal maximum (Xu and Baldocchi

2003).

RWC and LMA were generally inversely correlated with one another (Fig. 3). At the start of the

season, RWC was at its highest and LMA at its lowest as the developing leaves were thin, soft and
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not fully expanded at the first measurement date which was within a couple of weeks of leaf
flushing. After the solstice, as temperatures increased, RWC declined, and recovered later in the
season as temperatures declined (Figs. 2, 3). LMA, conversely, was high during the middle of the
season where leaves were structurally mature, and declined at the end, in accordance with studies
demonstrating a positive correlation between leaf age and LMA during the growing season prior to

senescence (Grassi et al. 2005, Wright et al. 2006, Hikosaka et al. 2007).

The seasonal change in photosynthesis seen here appears to be driven by climatic factors rather
than photoperiod. The lower temperatures and VPD, accompanied by higher RWC, are correlated
with an increase in g; and increased photosynthetic rate and capacity enabling Q. coccinea to
maximise carbon gain in advance of leaf senescence and over-wintering (Figs. 2, 3, 4). Relationships
between the meteorological data and V. pax25 presented in this study are shown in Figure S2
(available as Supplementary Data at Tree Physiology Online). Several previous studies have
demonstrated strong effects of environmental factors on photosynthesis, in a range of species (e.g.
Ellsworth 2000, Grassi 2005, Choat et al. 2006, Kosugi and Matsuo 2006). These responses vary
between species; for example, a comparison of evergreen and deciduous species in Australia
highlighted the greater sensitivity of photosynthesis in deciduous trees to dryness (Choat et al.
2006). Furthermore, it should be noted that in addition to seasonal trends in environmental factors
throughout the growing season, the environment at the time of leaf flushing can also impact

physiological processes (Wujeska-Klause et al. 2019).
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Leaf senescence is accompanied by a strong decline in photosynthesis

Leaf age effects, in addition to environmental factors, vary during the growing season, with nutrient
resorption being a key process affecting photosynthetic activity at the time of leaf senescence
(Crous et al. 2019); ontogenetic effects impact photosynthesis throughout leaf development (Field
and Mooney 1983, Ellsworth 2000, Jach and Ceulemans 2000, Grassi et al. 2005, Kosugi and Matsuo
2006, Wright et al. 2006, Hikosaka et al. 2007, Greenwood et al. 2008). In the present study,
between the penultimate and final time points, PAR and temperature decreased dramatically (Fig.
2), accompanied by a sharp decrease in nitrogen, chlorophyll and PRI (Fig. 3). Although values of
RWC and g, displayed relatively little change between the penultimate and the final time point
(Figs. 3, 4), A, decreased sharply between the last two measurement dates leading to a decoupling
of A and gs and a strong decrease in WUEi (Fig. 4). The decrease in A, was accompanied by a
sharp decline in V, max.25 and Jmax 25 (Fig. 4). The decline in V¢ nax.25 Was relatively greater than the
decline in Jyax25 which did not drop below its previous lowest value. This might reflect the greater
dependency of V, max.25 than Jmay 25 on leaf nitrogen content, which decreased greatly at the final
time point in line with the onset of nutrient resorption and leaf senescence (Fig. 4). Moreover, leaf
ontogeny interacts with the environment. An example of this interaction is that older leaves may be
less susceptible to drought; one study demonstrated that year-old leaves of the evergreen loblolly
pine were less affected by drought than new leaves and reached peak photosynthetic capacity
earlier in the year (Ellsworth 2000), whilst a study of deciduous trees showed that the Gaussian
trend in photosynthesis associated with changing leaf age and environmental conditions
throughout the season persisted but with a reduced photosynthetic capacity, during conditions of

summer drought (Grassi et al. 2005).
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Photosynthetic nitrogen use efficiency is maintained throughout the season

Photosynthetic NUE remained fairly constant throughout the measurement season, with the
exception of the penultimate time point (Fig. 4). The lowest NUE coincided with the lowest
photosynthesis, during the hottest and driest part of the season, at which point A decreased whilst
nitrogen remained stable, a trend which has been reported previously in the mid to late summer
(Wilson et al. 2001). At the penultimate time point, photosynthetic rate and capacity increased
significantly whilst nitrogen remained very similar compared to the preceding measurement (Figs.
3, 4) leading to a peak in NUE. This may be underpinned by the lower ambient air temperatures and
lower VPD facilitating increases in RWC and g,, allowing A, to increase (Figs. 2, 3, 4). At the end of
the season, values of both photosynthesis and nitrogen were very low due to the remobilisation of
nitrogen resources during senescence; this remobilisation means that photosynthetic NUE did not

decrease despite the low rate and capacity of photosynthesis (Figs. 3, 4).

Trends in nitrogen varied depending on whether nitrogen was expressed per unit mass or per unit
area (Fig. 3), due to the changing relationship between leaf mass and area seen in the LMA data. At
the start of the season, leaves had a low LMA and therefore a low amount of nitrogen per unit area
(Fig. 3), as has been found previously (Grassi et al. 2005, Wright et al. 2006, Hikosaka et al. 2007).
However, the nitrogen concentration per unit mass was at its highest at the first measurement (Fig.
3), as seen elsewhere (Yang et al. 2016) since leaf growth was concurrent with assembly of the
photosynthetic machinery despite full leaf expansion not having been achieved. Chlorophyll, PRI
and nitrogen content mimicked the trend in LMA to a large extent and this was especially the case
for nitrogen (Fig. 3). However, this relationship was decoupled at the final time point. Whilst

chlorophyll and nitrogen dropped sharply to their lowest levels due to the nutrient remobilisation
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processes of leaf senescence, LMA did not decline so steeply. The tight link between nitrogen and
chlorophyll (when nitrogen is expressed on a leaf area basis) likely reflects the coupling between
chlorophyll for light harvesting and nitrogen for the enzymes of the Calvin-Benson cycle (in

particular, Rubisco).

Implications for modelling photosynthesis

Modelled photosynthesis at the top of the canopy closely reflected V max.25 indicative of Rubisco
limited (or RuBP saturated) photosynthesis throughout the season (Figs. 4, 5). In order to
understand the constraints associated with selecting a time point for deriving model parameters,
we plotted the deviation in V. mex.25 and modelled A for each measurement date (Fig. 6). In each
case, values early in the season, before and around the midsummer solstice, led to lower deviation
from the mean than values later in the season (Fig. 6). This is due to the late season peak in
photosynthesis occurring before the end of season decline, which contributes large deviations in
Ve max.2s and modelled A. In our analysis, these trends in photosynthetic parameters mean that we
did not observe a peak in V max.25 and modelled A at the solstice followed by a decline; these
findings therefore contrast with our hypothesis that a measurement around the solstice would lead
to a large deviation from the seasonal mean. In this instance, an early-season or midsummer
solstice measurement would be most appropriate for deriving a seasonal mean value of V, ngx.25 Or
modelled A for use in carbon cycle models. Whilst additional years of measurement are required to
confirm the trend reported here, alongside continued integration of theory and practice, the
surprising variation in photosynthetic capacity and rate uncovered here for Q. coccinea highlights
the necessity of understanding the species-level and ecosystem-level responses of photosynthesis

to seasonal change if accurate estimates of photosynthetic parameters are to be obtained.
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Environmental conditions therefore play an important role in modulating seasonal trends in V¢ max.25
with a clear need to account for seasonality (Jiang et al. 2020). Whilst climate shapes
photosynthetic capacity along optimality principles (Smith et al. 2019), variation gradients also
impact physiological processes at the seasonal scale. Furthermore, environmental factors such as
temperature and water availability interact with leaf ontogeny, meaning that the biological
processes occurring within the plant such as leaf expansion impact the extent to which external
parameters affect photosynthesis (Grassi et al. 2005, Kosugi and Matsuo 2006). We advocate
moving away from the need to establish a seasonal mean value of V, nqx.25, towards a greater
understanding of the factors driving seasonality in V, mqx.25. This may then be replicated in models to
increase the accuracy of representation of photosynthetic capacity across seasons and years under

different climatic conditions and across geographical areas.

Conclusions

We hypothesised that photosynthetic rates and capacities would be greatest at the midsummer
solstice. Our findings run contrary to this hypothesis, with the greatest values of V, max.25, Jmax.25 and
Agq: observed at the penultimate measured time point, in late September. Contrary to our
expectations, a measurement of photosynthetic traits in Q. coccinea taken at or around the summer
solstice provides the closest estimate to the mean seasonal value and is therefore the most suitable
time point for deriving model parameters for this species. However, we recommend incorporating
seasonality in models for the most accurate representation. A multi-year, multi-species approach is
needed to validate the trends shown here, yet our findings clearly indicate the potential for

deviation from expected trends. A mid to late-season measurement of photosynthesis could lead to
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a dramatic over- or under-estimation of V, max.25s or modelled A, resulting in significant impacts in
subsequent ecosystem modelling. Species- and environment-specific consideration, alongside
consideration of leaf ontogeny, is necessary for accurate modelling of seasonal carbon uptake in

deciduous forests.
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List of Figures

Figure 1. Shotgun sampling technique for retrieving leaf samples of Q. coccinea. (a) A shotgun was
used to obtain a sample from the top of the canopy. (b) Stems were re-cut underwater and samples
stored on the forest floor until sample collection was complete. (c) Following physiological data
collection, leaf discs were punched out of the leaf; discs were used in subsequent measurements of
structural traits and leaf nitrogen.

Figure 2. Meteorological data throughout the sampling period, beginning 30 days before the first
measurement. Sampling dates are indicated with vertical black arrows and the midsummer solstice
is indicated with a vertical black dashed line. (a) Photoperiod (solid black line; primary y-axis) and
mean daytime photosynthetically active radiation on each measurement date (PAR; yellow line;
secondary y-axis). (b) Mean daytime temperature (bright red line) and nighttime temperature (dark
red line). (c) Maximum daily vapour pressure deficit (VPD; grey line; primary y-axis) and total daily
precipitation (bright blue line; secondary y-axis).

Figure 3. Seasonal trends in leaf structural traits, nitrogen, chlorophyll, and photochemical
reflectance index. The midsummer solstice is indicated with a dashed line. (a) relative water
content, RWC; (b) leaf mass per unit area, LMA; (c) leaf nitrogen concentration per gram; (d) leaf
nitrogen content per m?; (e) chlorophyll estimated using a leaf reflectance index; (f) photochemical
reflectance index, PRI. Plots show mean %SE, n=6 trees.

Figure 4. Seasonal trends in photosynthetic traits. The midsummer solstice is indicated with a
dashed line. (a) Maximum carboxylation capacity of Rubisco normalised to 25 °C, V max.25; (b)
maximum electron transport rate normalised to 25 °C, Jax25; (c) light-saturated photosynthesis,
Agor, measured immediately prior to the A—C; curve; (d) light-acclimated stomatal conductance, gs,
measured immediately prior to the A-C; curve; (e) instantaneous water use efficiency, WUEi; (f)
nitrogen use efficiency of photosynthesis, NUE. Plots show mean +SE, n=6 trees.

Figure 5. Photosynthesis (A) at the top of the canopy modelled from environmental data,
photosynthetic capacity and stomatal slope parameters. The midsummer solstice is indicated with a
dashed line. Plots show mean *SE, n=6 trees.

Figure 6. Both the maximum carboxylation capacity of Rubisco (V. max.25) and modelled
photosynthesis (A) at the top of the canopy deviate from the mean, with deviation increasing as the
measurement season progresses. The horizontal black line (y = 0) indicates the mean value of

Ve max.25 Or A. The midsummer solstice is indicated with a dashed line. (a) Absolute deviation in
Vemax.25; (b) percentage deviation in V. max.2s; (€) absolute deviation in modelled A; (d) percentage

deviation in modelled A.

31



Figures

gy

BNL Tesy

Figure 1. Shotgun sampling technique for retrieving leaf samples of Q. coccinea. (a) A shotgun was
used to obtain a sample from the top of the canopy. (b) Stems were re-cut underwater and samples
stored on the forest floor until sample collection was complete. (c) Following physiological data
collection, leaf discs were punched out of the leaf; discs were used in subsequent measurements of

structural traits and leaf nitrogen.
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Figure 3. Seasonal trends in leaf structural traits, nitrogen, chlorophyll, and photochemical
reflectance index. The midsummer solstice is indicated with a dashed line. (a) relative water
content, RWC; (b) leaf mass per unit area, LMA; (c) leaf nitrogen concentration per gram; (d) leaf
nitrogen content per m?; (e) chlorophyll estimated using a leaf reflectance index; (f) photochemical
reflectance index, PRI. Plots show mean *SE, n=6 trees.
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Figure 4. Seasonal trends in photosynthetic traits. The midsummer solstice is indicated with a
dashed line. (a) Maximum carboxylation capacity of Rubisco normalised to 25 °C, V¢ max.25; (b)
maximum electron transport rate normalised to 25 °C, J,ax.25; (c) light-saturated photosynthesis,
Asqt, measured immediately prior to the A—C; curve; (d) light-acclimated stomatal conductance, g,
measured immediately prior to the A—C; curve; (e) instantaneous water use efficiency, WUEi; (f)
nitrogen use efficiency of photosynthesis, NUE. Plots show mean SE, n=6 trees.
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Figure 5. Photosynthesis (A) at the top of the canopy modelled from environmental data,
photosynthetic capacity and stomatal slope parameters. The midsummer solstice is indicated with a
dashed line. Plots show mean *SE, n=6 trees.
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Figure 6. Both the maximum carboxylation capacity of Rubisco (V. max.25) and modelled
photosynthesis (A) at the top of the canopy deviate from the mean, with deviation increasing as the
measurement season progresses. The horizontal black line (y = 0) indicates the mean value of

Ve max.25s Or A. The midsummer solstice is indicated with a dashed line. (a) Absolute deviation in

Ve max.25; (D) percentage deviation in V. yax25; (c) absolute deviation in modelled A; (d) percentage
deviation in modelled A.
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Figure S1. Ten-year trends in meteorological data at the study site, with the final year shown (2019)
400

being the year in which the study was performed. Note that no solar data were available for the
year 2010. Each point shows the average across a 24-hour period.
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Figure S2. Relationships between the maximum carboxylation capacity of Rubisco (V,max.25) and the
meteorological data on dates of measurement. For detailed descriptions of the parameters refer to
the legend for Figure 2 within the main manuscript.
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